Tuning the Energetic Landscape of Ruddlesden-Popper Perovskite Films for Efficient Solar Cells by Shao, Shuyan et al.
 
 
 University of Groningen
Tuning the Energetic Landscape of Ruddlesden-Popper Perovskite Films for Efficient Solar
Cells
Shao, Shuyan; Duim, Herman; Wang, Qingqian; Xu, Bowei; Dong, Jingjin; Adjokatse,





IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
2020
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Shao, S., Duim, H., Wang, Q., Xu, B., Dong, J., Adjokatse, S., Blake, G. R., Protesescu, L., Portale, G.,
Hou, J., Saba, M., & Loi, M. A. (2020). Tuning the Energetic Landscape of Ruddlesden-Popper Perovskite
Films for Efficient Solar Cells. ACS Energy Letters, 5(1), 39-46.
https://doi.org/10.1021/acsenergylett.9b02397
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.
Download date: 26-12-2020
Tuning the Energetic Landscape of
Ruddlesden−Popper Perovskite Films for
Efficient Solar Cells
Shuyan Shao,*,† Herman Duim,† Qingqian Wang,‡ Bowei Xu,∥ Jingjin Dong,† Sampson Adjokatse,†
Graeme R. Blake,† Loredana Protesescu,† Giuseppe Portale,† Jianhui Hou,∥ Michele Saba,‡
and Maria Antonietta Loi*,†
†Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands
‡Department of Physics, University of Cagliari, I-09042 Monserrato, Italy
∥State Key Laboratory of Polymer Physics and Chemistry, Beijing National Laboratory for Molecular Sciences, Institute of
Chemistry, Chinese Academy of Sciences, Beijing 100190, China
*S Supporting Information
ABSTRACT: Ruddlesden−Popper perovskite films deposited with
different methods show very diverse phase segregation and
composition. When DMSO is used as solvent, the conventional
method based on spin-coating and annealing produces very poor
devices, whereas the vacuum-assisted method proposed here allows
obtaining devices with efficiency up to 14.14%. The conventional
method gives rise to a three-dimensional (3D)-like phase on the top
of the film but dominant n = 2 phase with large domains (∼40 μm) at
the bottom of the film. These n = 2 domains are oriented with their
inorganic slabs parallel to the substrate and inhibit the charge
transport in the vertical direction. Consequently, severe mono-
molecular and bimolecular charge recombination occurs in the solar
cells. Conversely, the vacuum-assisted method yields films with a 3D-
like phase dominant throughout their entire thickness and only a
small amount of n ≤ 2 domains of limited dimensions (∼3 μm) at the bottom, which facilitate charge transport and
reduce charge recombination.
In the past several years, Ruddlesden−Popper perovskites(RPP) have been intensively used as light absorbers insolar cells (SCs) because of their tunable optoelectronic
properties, good solution processability, and excellent ambient
stability.1−3 The RPP-type perovskites have a generic formula
of A′2An−1BnX3n+1, where A′ is a bulky aromatic or aliphatic
alkylammonium cation, A a small organic cation such as
methylammonium (MA) or formamidinium (FA), B a divalent
metal cation such as lead (Pb) or tin (Sn), X a halide anion
(Cl−, Br−, or I−), and n the number of layers of inorganic
octahedra separated by a bilayer of A′ cations.4−8 When the
molar ratio between A′ and A cations is adjusted, n can span
values from 1 (purely two-dimensaionl (2D)) to infinity
(purely three-dimensional (3D)).
The 2D perovskites with small n form natural quantum wells
because of the dimensional quantum confinement and
dielectric mismatch between the inorganic and organic
components in the perovskite structure, where the semi-
conducting inorganic octahedral layers act as the potential
“wells” and the organic insulating A′ cations as the potential
“barrier”.9,10 As a result of this quantum and dielectric
confinement, lower n leads to materials of wider band gaps
where the photoexcitations are excitons of high binding energy.
In the case of n = 1 or n = 2, the 2D perovskites have band
gaps above 2 eV and stable excitons with large binding energy
at room temperature.1 In contrast, the higher-n members (n =
3, 4, or 5) combine the advantages of good ambient stability of
2D perovskites with the broad absorption and good charge
transport properties of the 3D perovskites and have recently
become intensively used as light absorbers in solar cells.2,3,11
Because the insulating, bulky cations hinder charge trans-
port, it is critical to grow highly oriented RPP films with the
inorganic layers perpendicular to the substrate in order to
guarantee efficient charge transport and collection in solar
cells. To date, various strategies such as hot-casting, cesium
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doping, and solvent engineering have been employed to grow
RPP films with inorganic layers oriented vertically to the
substrate.3,11,12 The deposition methods used for RPP films
include hot-casting and room-temperature coating (conven-
tional method). The hot-casting method, in which the
substrates are preheated to a high temperature (≥100 °C),
leads to extremely fast solvent evaporation.3 In the case of the
conventional method, substrates are kept at room temperature
during the film deposition process, and thermal annealing
(TA) is always performed immediately after spin-coating.1
While Li et al. reported a vacuum flash-assisted method, in
which a high vacuum of 20 Pa was used to quickly remove the
solvent in 10 s to grow 3D perovskite films with improved
morphology,13 the vacuum-assisted method presented here has
not yet been employed to grow RPP films.
Although previous works have documented the multiple
perovskite phases of RPP films, they have rarely characterized
segregated grains and domains of specific perovskite
phases.11,14−16 Very recently, Huang et al. used high-resolution
transmission electron microscopy (HRTEM) to observe
coexisting 2D (n = 1) and 3D-like domains in RPP films
deposited by the hot-casting method.17 However, the assign-
ment of precise values of n to all the perovskite phase domains
in RPP films has thus far not been done. In particular,
segregated domains composed of higher-n structures are often
confused with the 3D-like phase. A full picture to describe how
the phase segregation, distribution, and composition influence
the charge transport and recombination process in solar cells is
thus still missing. Moreover, the way in which the processing
method influences the domain size of the various phases has
also not been well addressed. It is crucial to address these open
questions in order to gain a full understanding of the
relationship between processing techniques and solar cell
performance of RPPSCs.
Herein, we investigate the phase distribution, segregation,
and composition of RPP films grown by different methods and
their influence on the charge recombination process in
RPPSCs. When DMSO is used as the solvent, the conventional
method produces very poor device performance, while the
vacuum-assisted method overcomes this limitation. Films
grown by the conventional method have large segregated
domains and many cracks due to fast crystallization. The 3D-
like phase dominates the top of film, while the n = 2 phase
(domain size ≈ 40 μm), which coexists with a much smaller
fraction of n ≥ 3 and n = 1 phases, dominates the bottom of
the film. On the one hand, the large and parallel oriented n = 2
domains inhibit the vertical charge transport in the solar cells.
On the other hand, the excitons generated in the center of the
n = 2 domains have a higher chance to recombine.
Consequently, significant monomolecular and bimolecular
charge recombination occurs in the corresponding RPPSCs,
leading to low device performances (PCE of 3.65%). In
contrast, perovskite films grown by the vacuum-assisted
method exhibit much smaller segregated domains and compact
morphology because of the slower crystallization rate.
Moreover, the 3D-like phase dominates throughout the entire
film, and only a small amount of n = 2 phase (domain size ≈ 3
μm) is present at the bottom of the film. This favorable phase
segregation facilitates charge transport and transfer to the
charge extraction layers. Consequently, monomolecular and
bimolecular recombination paths are significantly reduced in
the RPPSCs, which exhibit hysteresis-free photovoltaic
performance with PCE up to 14.14%.
In this work, RPP films with a nominal formula of
PEA2MA4Pb5I15 (PEA is phenylethylammonium) were pre-
pared by both conventional and vacuum-assisted methods. In
the conventional method, the wet and colorless films were put
on a hot plate at 100 °C immediately after spin-coating (20 s),
and they turned dark red in 10 s because of fast evaporation of
the solvent (Figure 1a). These films appear very rough,
nonuniform, and not very reflective to the eye. Compared to
the post-thermal annealing method reported previously, a main
difference is that the RPP films grown by the conventional
method are still wet and composed of intermediate products
before thermal annealing.18 In the vacuum-assisted method,
the films were placed in vacuum immediately after the same
spin-coating procedure; after 5 min in the chamber they appear
as dark red, uniform, and very reflective (Figure 1b). The films
were then removed from the vacuum chamber and put on a
hot plate at 100 °C for 10 min. The superior quality of the
films grown by the vacuum-assisted method is evidenced by
scanning electron microscopy (SEM) images. Films grown by
the conventional method (hereafter termed M1 films) have
many large cracks and pinholes (Figure 1c), creating plenty of
structural defects around the open grain boundaries.19−24 In
contrast, films grown by the vacuum-assisted method (here-
after termed M2 films) are compact and free of cracks, with
significantly reduced density of grain boundaries (Figure 1d).
This morphology is of potential benefit for suppressing trap-
assisted charge recombination in solar cells.20
The absorption spectra of the RPP films in Figure S1 reveal
an absorption onset at ∼780 nm resembling that of 3D
MAPbI3 films. In addition, several higher-energy peaks due to
strong excitonic absorption associated with 2D phases are
present, demonstrating the presence of multiple perovskite
phases in both films. The M1 film exhibits pronounced
excitonic absorption corresponding to the n = 2 phase at 569
nm and weak exciton absorption consistent with the n = 1
phase at 514 nm. The M2 film displays a much weaker
excitonic absorption of the n = 1 and 2 phases, but excitonic
absorption corresponding to the n = 3 (609 nm), 4 (640 nm),
and 5 (663 nm) phases are also observed. Such distinctive
features in the absorption spectra demonstrate different phase
composition in these RPP films.
Figure 1. Preparation procedures and SEM images of the
perovskite films grown by (a and c) the conventional method
(M1) or (b and d) the vacuum-assisted method (M2).
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Figure 2a shows the two configurations used for the steady-
state and confocal laser scanning microscopy (CLSM)
photoluminescence (PL) measurements. Figure 2b shows the
steady-state PL spectra of M1 film. Excitation from both the
front and back sides give rise to PL emission typical of 3D-like
phases (∼775 nm) and low-dimensional perovskite phases
such as n = 1 (525 nm), 2 (579 nm), 3 (623 nm), 4 (657 nm),
and 5 (682 nm). The emission in the wavelength range from
∼690 to ∼712 nm can be attributed to the n = 6 and 7
phases.25 To facilitate the discussion in this work, we define the
n ≥ 8 phases as 3D-like phases, the 7 ≥ n ≥ 3 as quasi-2D
phase, and the n ≤ 2 as 2D phase. Note that the emission at
the front side is different from emission at the back side. The
3D-like perovskite emits much stronger than the lower-
dimensional phases at the front side, whereas the 2D phases
emit much stronger at the back side. These results collectively
indicate a graded vertical phase distribution across the film,
where 3D-like and 2D phases dominate at the front and back
side, respectively. It is also worth mentioning that the n = 2
phase is dominant among the n ≤ 5 phases, probably because
of its relatively small formation energy barrier.26 Figure 2c
shows the PL spectra of the M2 perovskite film. The top part
of this film shows exclusively emission from the 3D-like
perovskite. Although emission peaks at the back side indicate
the presence of multiple phases, the PL of the 3D-like phase
still dominates with respect to the n ≤ 7 phases. This means
that M2 films also have a graded vertical phase distribution, but
they have a much smaller fraction of n ≤ 7 phases located at
the bottom.
Confocal microscopy images further confirm the presence of
multiscale phase segregation domains in the films. The images
composing Figure S2a,c were acquired with three different
photomultiplier channels: 515 ± 30 nm channel (blue color,
emission assigned to the n = 1 phase), 590 ± 50 nm channel
(green color, emission assigned to n = 2, 3 phases), and a 650
nm long-pass (LP) channel (red, emission assigned to n ≥ 4
phases). In order to discern the 3D-like phase, the images in
Figure S2b,d were taken using the above-mentioned channels
but inserting a 715 nm long-pass filter to filter the emission of
the 7 ≥ n ≥ 4 phases in the wavelength range of 650−715 nm.
For clarity, we also created an artificial fourth detection
channel (650−715 nm, marked in magenta) by performing a
subtraction of two images taken with and without the 715 nm
filter and then overlaying it on the image taken with the 715
Figure 2. (a) Schematic illustration of the PL measurements, excited from the back and front sides. Steady-state PL spectra of (b) an M1 film
and (c) an M2 film excited from the front (dark gray) and back (light gray). Confocal images of M1 film from (d) front side and (g) back
side, and of M2 film from (e and f) front side and (h and i) back side. The films were excited by a 488 nm laser. The images in panels d and g
were taken using four acquisition channels at wavelengths of 515 ± 30 nm (blue), 590 ± 50 nm (green), 650−715 nm (magenta), and 715
LP channel (red). The images in panels e and h were taken using the three channels 515 ± 30, 590 ± 50 and 650 LP channel, while the
micrographs in panels f and i were taken using the three channels with a 715 nm filter installed on the 650 nm LP channel. Images in panels
d−i are 100 × 100 μm2.
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nm filter (Figure 2d,g). The front side of the M1 film shows
the emission areas following the order red > green > magenta
≥ blue (Figure 2d), indicating that 3D-like phase is more
abundant than small-n phases. The dominant 3D-like phase,
which has segregated domains of maximum size ∼50 μm,
forms an interpenetrating network surrounded by the n ≤ 7
phases with much smaller domains. The back side of the M1
film shows emission following the order of green > red >
magenta > blue (Figure 2g). Because the quantity of the n = 3
phase seems to be negligible compared to the n = 2 phase,
further discussion is facilitated by assuming that the large green
domains correspond to the n = 2 phase. The n = 2 phase with
segregated domains of maximum size ∼40 μm forms an
interpenetrating network and isolates the 3D-like and the other
RPP phases. The confocal images of perovskite M2 film were
taken using the same three channels (with and without the 715
nm filter) as shown in Figure 2e,f,h,i. Owing to the extremely
small phase segregation domains (resolution limited) of the 7
≥ n ≥ 4 phases, we are unable to reliably create a fourth
channel in this case. However, it can be clearly observed
though that the front side of the M2 film shows emission only
from the 3D-like phase (domain size ≈ 2 μm), whereas the
bottom surface consists of a dominant 3D-like phase, as well as
a smaller proportion of n = 1 (domain size ≈ 1 μm) and 2
(domain size ≈ 3 μm) phases.
As mentioned previously, both M1 and M2 films have a
graded vertical phase distribution with the low-n perovskite
phases preferentially aggregating/crystallizing at the bottom.
This phenomenon has also been reported by other groups in
RPP films processed by either postannealing or hot-casting
methods.17,18 Huang et al. attributed this vertical phase
distribution to the surface crystallization mechanism.17
However, the phase and compositional segregation follow
different scenarios in the two films. The M1 film contains a
much larger proportion of low-dimensional perovskite phases,
particularly the n = 2 phase, than M2 films. The exact reason
for this is still not clear. The molar ratios of the PEA to MA
cations are 1:1.80 and 1:1.53 in the M1 and M2 films,
respectively (Figure S3). These values are a bit lower than that
of the precursor solution composed of stoichiometric PEAI
and MAI. Thermal annealing and vacuum seem to drive some
MA cations away, in agreement with previous findings by You
et al. and Xie et al.18,27 We speculate that thermal annealing
may provide extra driving force to enhance the crystallization
of the n = 2 phase in the conventional method, while it does
not play an important role in the vacuum-assisted method
because the crystallization process is complete in vacuum. The
solvent evaporates much slower in the vacuum-assisted
method, which enables the formation of more nucleation
sites and much smaller grains for all of the perovskite phases,
when compared to M1 films.
Previous studies have reported the energy transfer of the
photoexcitation from the 2D to high-n phases.17,18,28,29 In
order to investigate the effect of phase segregation on the
energy-transfer process, we recorded the confocal PL images of
n ≥ 1 phases under 488 nm excitation (Figure S4a,b) and the
3D-like phase under 488 or 632 nm excitation (Figure S4c−f).
Interestingly, when the perovskite M1 film is excited by the
488 nm laser, the emission of the 3D-like phase around the
grain boundaries, which are surrounded by n ≤ 3 phases (see
the regions marked by white circles for example), is
significantly enhanced compared to that excited by 632 nm
laser (Figure S4c,e). However, the emission of the central grain
and of boundaries between 3D-like grains that are not
surrounded by n ≤ 3 phases remains essentially unchanged.
This indicates that energy transfer from the n ≤ 3 phases to the
adjacent 3D-like phase occurs efficiently under 488 nm
excitation. When the M1 film is excited by a 632 nm laser,
the lack of energy transfer from n ≤ 3 phases to the
surrounding 3D-like phases leads to darker area around the
grain boundaries. Recently, Herz et al. demonstrated that the
excitons in the 2D perovskites have short diffusion length
owing to the rapid recombination rate.15 In this case, the large
n = 2 domains at the bottom of the M1 film are not beneficial
because the excitons have a high chance to recombine there
(Figure S4c,d). Conversely, in the M2 film the small n = 2
Figure 3. GIWAXS images of (a and b) M1 film and (d and e) M2 film detected at 0.25° and 2.0°, respectively. Schematic illustration of the
orientation, composition, and distribution of the perovskite phases in (c) M1 and (f) M2 films.
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domains facilitate energy transfer between them and the 3D-
like phase.
This very large variation in the phase composition of the two
perovskite films is evidenced by X-ray diffraction (XRD)
patterns (Figure S5). The M1 film exhibits two intense
diffraction peaks at 2θ = 14.15° and 28.48°, which are assigned
to the (110) and (220) crystallographic planes, respectively
(Figure S6). It also exhibits several evenly spaced peaks at 2θ =
3.96°, 7.88°, 11.82°, 15.76°, 19.72°, 23.70°, and 27.725°,
which are indexed as the (00l) crystallographic planes of the n
= 2 phase.4 In addition, two other very weak peaks at low
reflection angles (2θ = 5.48° and 10.72°) are assigned to the
(002) and (004) crystallographic planes of the n = 1 phase.
The 5 ≥ n ≥ 3 phases do not show any peaks at low diffraction
angle (2θ < 14.15°), most probably because of their
preferential orientation; their dominant (110) and (220)
diffraction peaks are expected at similar 2θ angles to n > 5
phases because of the very similar in-plane dimensions.
The M2 film exhibits two dominant peaks from the (110)
and (220) planes, indicating preferential orientation of the
perovskite domains. Diffraction peaks from the n = 1 and 2
phases are visible but very weak because of their small volume
fractions. Similar to the M1 film, the 5 ≥ n ≥ 3 phases have the
same preferential orientation as the n > 5 phases, exhibiting
dominant (110) and (220) planes.
In order to probe the orientation of the perovskite phases
with respect to the substrate, we carried out ex-situ grazing
incidence wide-angle X-ray scattering (GIWAXS) measure-
ments. Regardless of the X-ray penetration depth, M1 and M2
films show an intense Bragg spot at qz ≈ 1.0 Å−1, whereas they
show much weaker Bragg spot at qy ≈ 1.0 Å−1 (Figures 3 and
S7). These results indicate that the n ≥ 3 phases in these two
films are oriented preferentially with their (110) planes parallel
to the substrate and their inorganic slabs perpendicular to the
substrate.11 However, M1 and M2 films show distinct features
in the diffraction spots along qz for q < 1.0 Å
−1 due to their
different phase composition. At different X-ray penetration
depths, the M1 film shows intense Bragg spots of the (00l)
planes of the n = 2 phase at qz ≈ 0.29, 0.58, and 0.85 A−1,
respectively (Figure 3a,b). In addition, M1 film shows a
relatively weak Bragg spot of the (002) plane of n = 1 phase at
qz ≈ 0.39 A−1. There are no observable diffraction spots of n ≤
2 phases along the qy direction. These results indicate that the
n ≤ 2 phases of the M1 film are preferentially oriented with the
inorganic layers parallel to the substrates (Figure 3c).
Moreover, these results confirm the large quantity of the n =
2 phase in the M1 film and are in line with the previous PL and
confocal results. The M2 film shows only very weak diffraction
spots of the n = 2 phase along the qz direction when the X-ray
fully penetrates the entire film (Figure 3d−f). This proves that
a very tiny amount of n ≤ 2 phases are located at the bottom of
the M2 film and are preferentially oriented with the inorganic
layers parallel to the substrates (Figure 3f).
Panels a and b in Figure 4 show the time-resolved PL decay
dynamics of the perovskite films grown on glass or glass/
PEDOT:PSS substrates. At both excitation directions, the M1
film on PEDOT:PSS exhibits similar PL decay dynamics and
charge carrier lifetime (42 ns at the front side and 36.5 ns at
the back side) to that of the same film on glass (42.7 ns at the
front side and 36.8 ns at the back side). This implies that the
free charge carriers in the 3D-like phase are not transferred to
PEDOT:PSS. Figure 4c depicts the decay pathways for the
photoexcitations in M1 films. Except for the free charge
carriers at the 3D-like perovskite/PEDOT:PSS interface
(process 1), those either on the top or at the bottom of the
film (process 2) cannot diffuse to the PEDOT:PSS layer
because of the large n = 2 domains (Figure 4c). Consequently,
they build up in the 3D-like phase and recombine by trap-
assisted (process 4) and bimolecular recombination (process
2). The excitons in the large n = 2 domains at the bottom of
M1 film have higher chance to recombine (process 5), leading
to less efficient energy transfer from low-n to 3D-like phase.
Moreover, the free charge carriers diffuse a shorter distance in
the isolated 3D-like domains. That is why the charge carriers at
the bottom of the M1 film decay faster than those on the top of
the film. In contrast, M2 films on PEDOT:PSS exhibit much
faster charge carrier decay (20 ns at the front side, 22.5 ns at
the back side) compared to that on glass (30 ns at the air side,
65 ns at the substrate side), which indicates efficient hole
transfer (process 1) from the entire perovskite film to
PEDOT:PSS (Figure 4d). This process is aided by the
unimpeded and barrier-free charge diffusion path formed by
the vertically oriented inorganic layers, which lowers the
probability of bimolecular charge recombination. At the
opposite of M1 films, charge carriers at the bottom of the
M2 films live much longer than those at the top surface, which
obviously benefits from the energy transfer from the 2D phase
to the 3D-like phase (process 3). More importantly, the charge
carriers in M2 films survive much longer than their
counterparts in M1 films. On the one hand, the charge carriers
can travel longer distances in the interpenetrating 3D network
of M2 films, reducing the bimolecular recombination rate. On
the other hand, M2 films may have a much lower density of
structural defects in absence of cracks, suppressing trap-assisted
Figure 4. Time-resolved PL data recorded at 765 nm of M1 (blue)
and M2 films (orange) on glass (darker color) and PEDOT:PSS/
glass (lighter color) substrates excited from the front side (a) and
back side (b). Schematic illustration of the transfer and
recombination process of the free carriers and excitons in M1
film (c) and M2 film (d). Here the red and green colors represent
the 3D and n = 2 phase, respectively. 1, hole transfer from the 3D
phase to PEDOT:PSS; 2, recombination of free electrons and
holes; 3, energy transfer from the n = 2 to the 3D phase; 4, charge
trapping at the defect sites; and 5, recombination of the excitons in
the 2D phase.
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charge recombination rate (process 4). To summarize, the
phase segregation domain size and composition are crucial to
the charge recombination process in the perovskite films. To
minimize bimolecular charge recombination, the phase
segregation domains and volume fraction of the n ≤ 2 phases
should be minimized to allow the formation of an inter-
penetrating 3D phase network for efficient charge transport.
We now investigate how the solar cells using these
perovskite films as light-harvesting layers behave. We
fabricated devices with a structure comprising ITO/
PEDOT:PSS/perovskite/PCBM/C60/BCP/Al layers. The de-
vice using the M1 film (hereafter termed the M1 device) shows
very poor performance with a VOC of 0.81 (0.74) V, a JSC of
7.97 (7.93) mA cm−2, a FF of 0.37 (0.30), and a PCE of 2.40%
(1.79%) at forward (reverse) scan (Figure 5a). Note that the
performance of M1 devices highly depends on the type and
amount of the residue solvent in the perovskite film
(immediately after spin-coating) before thermal annealing as
shown in Figures S8 and S9. The device using the M2 film
displays remarkable enhancement in the overall performance
and has a VOC of 1.06 (1.06) V, a JSC of 15.50 (15.82) mA
cm−2, a FF of 0.65 (0.66), and a PCE of 10.57% (11.07%) at
forward (reverse) scan. We summarize the figures-of-merit of
both type of devices in Table S1.
The conversion efficiency of the incident photon to electron
(IPCE) spectra in Figure 5b confirms the JSC’s obtained from
the J−V measurements. Figure 5c shows the steady-state PCEs
of the devices tracked at the maximum power point, which are
very close to those obtained from the J−V measurements,
further proving the reliable performance of M2 devices. To
Figure 5. (a) J−V curves under one sun AM 1.5 G conditions, (b) IPCE spectra, and (c) steady-state PCE for the champion devices using M1
and M2 film as light absorber and PEDOT:PSS as HEL. (d) Statistics of the PCE; light intensity-dependent (e) JSC and (f) VOC of devices 1
and 2 using PEDOT:PSS as HEL.
Figure 6. (a) J−V curves under one sun AM 1.5 G conditions, (b) IPCE spectra, and (c) steady-state PCE for the champion devices using M1
and M2 film as light absorber and PCP-Na as HEL. (d) Statistics of the PCE over 20 devices; (e and f) J−V curves under one sun AM 1.5 G
conditions for devices with different cell areas using M1 and M2 films as light absorber and PCP-Na as HEL.
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check the reproducibility of the HPSCs, we obtained PCE
statistics over 20 devices for each deposition method (Figure
5d), which shows a consistent and clear trend of improved
PCE for M2 devices.
Figure 5e shows double-logarithmic plots of light intensity
(I) vs JSC for M1 and M2 devices. Because JSC follows a power
law dependence on I, i.e., JSC ∝ Iα, we can obtain α from the
slope of the log (JSC) versus log (I) plot. The log (JSC) versus
log (I) plot for the M1 device shows a small slope of 0.67 due
to severe bimolecular charge recombination losses. As
discussed in the previous section, the free charge carriers in
the high-n RPP phases cannot tunnel through the potential
barrier imposed by the underlying parallel-oriented n = 1 and 2
phases to reach the electrodes. Instead, these free charges build
up in the higher-n RPP phases and recombine with their
opposite charges, leading to significant bimolecular charge
recombination. On the other hand, the large n = 2 domains
probably promote recombination of the excitons generated far
from the 2D/3D interface, such that the central areas of the n
= 2 phase domains do not contribute to the generation of free
carriers. These factors lower the JSC and FF of the solar cells.
The corresponding plot for the M2 device shows a slope
approaching unity due to the efficient charge transport. In this
case, the charge transfer from the n ≤ 3 phases to the n > 3
phases is also facilitated by the favorable electronic coupling.
The VOC versus light intensity plot (Figure 5f) of the M1
device has a large slope of approximately 2, indicating
significant monomolecular charge recombination due to trap-
assisted or excitonic recombination, whereas the slope is much
smaller for the M2 device because of the suppression of
monomolecular charge recombination. Therefore, M2 devices
exhibit higher VOC, JSC, and FF.
Finally, we investigated whether these deposition methods
work in the same way when another hole transport material is
used. We replaced PEDOT:PSS with a neutral conjugated
polyelectrolyte PCP-Na, which has previously been shown to
improve the efficiency of half lead and half tin perovskite solar
cells.20 We observe a trend in device performance similar to
those observed with a PEDOT:PSS as hole transport layer, as
shown in Figure 6a−d. M1 devices exhibit very poor
performance with a JSC of 6.31 (6.63 mA cm
−2), a VOC of
0.985 (0.959) V, a FF of 0.53 (0.57), and a PCE of 3.31%
(3.65%) at forward (reverse) sweep direction. M2 devices
show significantly higher overall performance, with a high VOC
of 1.1 (1.1 V), a JSC of 17.09 (17.52) mA cm
−2, a FF of 0.73
(0.73), and a PCE of 13.70% (14.14%) at the forward
(reverse) scan, respectively. The reliable performance of these
devices was further proven by the IPCE spectra (Figure 6b),
the statistics of the PCE (Figure 6d), and the steady-state PCE
(Figure 6c). Moreover, we fabricated devices with different
areas as shown in Figure 6e,f. When the area is increased to
0.81 cm2, M2 devices display a PCE of 9.6%, which is much
higher than the corresponding value of 2.07% for M1 devices.
In conclusion, we investigated the multiscale phase and
composition segregation in RPP films. Perovskite films grown
by the conventional method are composed of large domains of
3D-like and 2D phases, which dominate the top and bottom
part of the films, respectively. The large and parallel oriented n
= 2 phase domains not only inhibit free charge carrier transport
in the vertical direction but also increase the recombination of
the excitons, causing severe first- and second-order charge
recombination in the RPPSCs. In contrast, perovskite films
grown by the vacuum-assisted method have much smaller
domains. These films are composed dominantly by the 3D
phase throughout the entire thickness, and only a small
fraction of n ≤ 2 phases with small domains is present at the
bottom surface. This favorable phase distribution, segregation,
and composition facilitates charge transport and transfer to the
interfacial layers, suppressing the first- and second-order charge
recombination significantly in the RPPSCs. Consequently,
devices based on perovskite films grown using the vacuum-
assisted method have much higher device performance. Our
work demonstrates that the segregation, concentration, and
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